Era, an essential GTPase, is present in many bacteria and Mycoplasma spp. and appears to play a major role in the cell cycle and other cellular processes. To further understand its function, an era gene from Streptococcus pneumoniae was identified and cloned, and a mutant era gene with a deletion of 68 codons from its 3'4erminus was constructed. The truncated Era protein was then purified and characterized, and the ability of the truncated era gene to complement an Escherichia coli mutant strain defective in Era production was examined. Like the full-length Era protein, the truncated Era protein was able to bind and hydrolyse GTP, but its binding activity was increased twofold and its hydrolytic activity was reduced sevenfold when compared with those of the full-length Era protein. Unlike the full-length Era protein, the truncated Era protein lost its ability to bind to the E. coli cytoplasmic membrane. The fulllength era gene was able to complement the €. coli mutant deficient in Era production when carried on pACYCl84, while the truncated era gene failed to do so when carried on pACYCl84, pBR322 or pUC18. The cellular amounts of the truncated Era and the full-length Era proteins in €. coli and S. pneumoniae, respectively, were then determined by Western blot analysis. In addition, the minimal amount of the S. pneumoniae Era protein needed for complementation of the E. coli mutant was also measured. Taken together, these results suggest that the C-terminus of the Era protein might be responsible for the binding of the protein to the cytoplasmic membrane and be essential for function.
INTRODUCTION
The era gene was first identified in Escherichia coli, and was thought to encode a RAS-like protein (Ahnn et af., 1986) . Later, detailed sequence analysis suggested that Era is not a RAS-like protein (Chen et af., 1990) . Recently, a human homologue of Era was reported that is distincr from RAS proteins (Britton et al., 1998 The GenBank accession number for the nucleotide sequence of the Streptococcu:: pneumoniae era gene is AF07281. negative bacteria, and Mycopfasma spp. (Ahnn et al., 1986; Fleischmann et al., 1995; Fraser et al., 1995; Kawabata et al., 1997; Zuber et al., 1990 Zuber et al., , 1997 , and is essential for bacterial growth (Gollop & March, 1991b; Inada et al., 1989; March et al., 1988; Sat0 et al., 1998; Takiff et al., 1989 Takiff et al., , 1992 . Era proteins are highly conserved among different bacteria and appear to share the same function as evidenced by the fact that era genes from quite diverse bacterial species are able to complement E. coli era mutants (Pillutla et al., 1995; Zuber et af., 1990 Zuber et af., , 1997 .
The bacterial Era proteins are a unique class of GTPases that bind GTP and GDP and hydrolyse GTP to GDP (March, 1992) . The GTP binding and hydrolysis ac-IP: 54.70.40.11
On: Thu, 03 Jan 2019 12:53:22 G. ZHAO a n d OTHERS tivities of Era appear to be essential for its function since mutations in the era gene of E. coli that reduce either or both activities are lethal (Inada et al., 1989; Lerner et al., 1992 Lerner & March, 1991) . Point mutations in the C-terminal domain of the E. coli Era protein were isolated and these mutant era genes failed to complement E . coli era mutants (Inada et al., 1989; Pillutla et al., 1995) . However, the biochemical basis for their failure to complement the E. coli era mutants remains unknown as biochemical characterization of these mutant Era proteins was not described Pillutla et a!., 1995) . Genetic studies showed that depletion of the cellular amount of Era inhibited the growth of E. coli cells and caused the cells to elongate (Britton et al., 1997 (Britton et al., , 1998 Gollop & March, 1991b; March et al., 1988) . Also, the viability of these cells was drastically reduced upon repression of Era production (Gollop & March, 1991b; Lerner & March, 1991 ; March et al., 1988) . Under these conditions, cell constriction or septum formation was not observed (Gollop & March, 1991b) , suggesting that Era may play a role in cell cycle control. More recently, genetic studies also demonstrated that a mutation in the E. coli era gene suppressed temperature-sensitive mutations in the genes encoding chromosome replication and partitioning enzymes such as dnaB, dnaG, gyrB, mukB, parB and parC, but not those of the cell division genes ftsA, ftsZ and ftsZ (Britton et al., 1997 (Britton et al., , 1998 . Some of the era mutant cells were found to contain two or four segregated nucleoids (Britton et al., 1997 (Britton et al., , 1998 . These studies suggest that Era plays a role in cell cycle progression at some point, probably after chromosome partitioning but before cytokinesis (Britton et al., 1998) . Immunoelectron microscopic studies localized the E. coli Era protein on the internal side of the cytoplasmic membrane and also revealed that the Era protein exists in patches on the membrane (Gollop & March, 1991a) . Later, biochemical studies confirmed that the E. coli Era protein is associated with the cytoplasmic membrane (Lin et al., 1994) . This association was GTP-or GDPdependent and could be disrupted by salt treatment (Lin et al., 1994) . These studies led to the suggestions that potential binding sites exist on the membrane for the Era protein (Lin et al., 1994) . However, the significance of this membrane binding activity of Era and the part of Era that is responsible for this association remain unknown. In this study, we report the biochemical and molecular characterizations of the full-length Era and C-terminally truncated Era (AEra) proteins from Streptococcus pneumoniae. The results of this study show that the AEra protein exhibited a reduced GTP-hydrolysis activity and an increased GTP-binding activity, and failed to bind to the E. coli cytoplasmic membrane. The truncated era (Aera) gene was unable to complement an E. coli mutant defective in Era production (Takiff et al., 1989 (Takiff et al., , 1992 . Together, these results suggest that the Cterminus of the Era protein is essential for the in viuo function of the protein. Bacterial strains and culture conditions. The E . coli strains and plasmids used in this study are described in Table 1 . S. pneumoniae (hex) R6 is an unencapsulated derivative of the Rockefeller University strain R36A that was kindly provided by Dr A. Tomasz (Rockefeller University).
METHODS

Materials
Luria-Bertani (LB) medium capsules were purchased from BiolOl. Brain Heart Infusion medium was purchased from Difco. Amp (100 pg ml-'), Cam (45 pg ml-l), Tet (15 pg ml-') and IPTG were added to media as indicated in each experiment.
Cloning of the era gene from S. pneurnoniae (hex) R6. T o clone the S. pneumoniae era gene, we first searched our M13 S. pneumoniae sequence database (Baltz et al., 1998 ; Rosteck et al., 1997) using BLAST (Altschul et al., 1990) . The era gene was located; however, only a partial sequence was available. By comparing the S. pneumoniae DNA sequence to that of the E . coli era gene (Ahnn et al., 1986; Chen et al., 1990) we found that the available sequence was missing both the 5'-and 3'-terminal regions of the gene. An internal 500 bp fragment from the S. pneumoniae era gene was amplified using the primers 5' CGCGGATCCTCTAGATTCGCGAAGTGGA-CACTGTTC 3' and 5' CGCGGATCCAAACGTTCTGGA-TGATCTGTG 3', and used as a probe for Southern blot analysis of S. pneumoniae chromosomal DNA (Sambrook et al., 1989) . The amplified era probe hybridized to two ClaI fragments with approximate sizes of 1.0 and 3.0 kb (data not shown). T o obtain the missing 3'-and 5'-terminal sequences of the era gene, we employed-inverse PCR technology using ClaI-digested S. pneumoniae genomic DNA as template (DNA was diluted to z 1 pg ml-l) (Innis et al., 1990) . Primers were designed based on both sides of the sequences of the internal ClaI site. T o amplify the 1.0 kb ClaI fragment that contained the missing 5'-terminal sequence of the era gene and the 3.0 kb ClaI fragment that contained the missing 3' end of the gene, we used the following primers : 5' AAAGAACAGTGTCCACT-TCGC 3' and 5' AAGGGGGACGATATGATTATC 3'; and 5' GACAGACAAGGTTCACATCCG 3' and 5' AACCTT-CATCCAGATTTTCAC 3', respectively. The PCR reaction mixtures contained z 10 ng ClaI-digested and circularized S. pneumoniae chromosomal DNA, 10 pl 10 x PCR buffer containing MgC1, (Boehringer Mannheim), 8 pl dNTPs (2.5 mM), 1 pl of each primer (50 pmol), 2.5 U Taq DNA polymerase (Boehringer Mannheim) and 78.5 pl H,O (Innis et al., 1990) . The following PCR amplification conditions were employed : denaturation at 94 "C for 30 s, annealing at 55 "C for 30 s and polymerization at 72 "C for 45 s for the 1 kb fragment and 90 s for the 3 kb fragment for a total of 25 cycles. For each ClaI fragment amplified, five PCR reaction products were combined and sequenced directly to derive a consensus sequence. PCR primers were then designed based on the consensus sequence and used to amplify the era gene for cloning into E. era was cloned into pCZA342 at BamHI site era was cloned into pGEX-2T at NdeI/BamHI sites (GST-era', era was cloned into PET-lla at NdeIIBamHI sites (era+, Amp') era was cloned into PET-16b at NdeI/BamHI sites (His-era+, Amp') The deleted era gene (Aera) was cloned into pGEX-2T at Aera was cloned into PET-lla (Aera', Amp') Aera was cloned into PET-15b at NdeI-BamHI sites (His-Aerd, Amp') Aera was cloned into pACYC184 at BamHI site and transcribed from the opposite direction of the Tet resistance gene (Cam') Aera was cloned into pACYC184 at BamHI site and transcribed from the promoter of the Tet resistance gene (Cam') era was cloned into pACYC184 at BamHI site and transcribed from the promoter of the Tet resistance gene (Cam') era was cloned into pACYC184 at BamHI site and transcribed from the opposite direction of the Tet resistance gene (Cam') Aera was cloned into pUC18 at BamHI site and transcribed from Aera was cloned into pBR322 at BarnHI site and transcribed from coli expression systems. The 5' PCR primer (5' CGCGG-ATCCTCTAGATTCGCGAAGTGGACACTGTTC 3') was designed at the ATG start codon of era and contains BamHI and NdeI sites for cloning purposes. The 3' PCR primer (5' CGCGGATCCAAACGTTCTGGATGATCTGTG 3') was designed at the stop codon of era and contains a BamHI site after the stop codon. Using these primers, era was PCRamplified from S. pneumoniae under the following conditions : denaturation at 94 "C for 30 s, annealing at 55 "C for 30 s and polymerization at 72 "C for 30 s for 25 cycles. Five PCR reaction products were combined and a portion of the pooled PCR products was digested with BamHI. The BamHI-digested PCR fragment was cloned into pCZA342, a low-copy-number plasmid (Baltz et al., 1997) , previously digested with BamHI and dephosphorylated with calf intestinal alkaline phosphatase. era from several pCZA342 clones was sequenced and a clone containing the consensus era gene sequence (pSPN-era) was used for constructing expression systems and complementation plasmids. pSPN-era was digested with NdeI and BamHI. The NdeI-BamHI DNA fragment containing era was subcloned into PET-lla and PET-16b (Novagen). The resulting constructs were designated pLY42 and pLY44, respectively (Table 1) . pSPN-era was also digested with BamHI, and the BamHI fragment of era was subcloned into pGEX-2T and pACY C184. The resulting constructs were designated pLY52, and pLY62 and pLY64, respectively (Table 1) .
T o generate a 3'-terminal deletion mutant of era, a 3' PCR primer was designed and used for PCR amplification. The 3' PCR primer contains DNA sequence complementary to codons 207-213 of the era gene and a BamHI site. A stop codon was also included (5' CGCGGATCCTCAAACTA-CTGCTACAGAATGCGG 3'). The 5' PCR primer was the same one described for cloning the full-length era gene into expression vectors. PCR-amplified products were pooled, sequenced and cloned into pCZA342 as described above. The truncated era (Aera) gene was subsequently cloned into PETl l a , PET-15b and pGEX-2T as described above and the resulting constructs were designated pLY54, pLY56 and pLY52, respectively ( Table 1 ). The Aeva gene was also cloned into pACYC184, pBR322 and pUC18 at their BamHI sites, and the resulting constructs were designated pLY58, pLY60, pLY76 and pLY75, respectively (Table 1) .
Enzyme assay and kinetics. For determination of K , and V,,,, values of Era proteins, reaction mixtures (300 p1 each) containing 50 mM Tris/HCl, p H 7.5, 5 mM MgCl, and 1.17 pM GST-Era or GST-AEra (GST-truncated Era) were incubated at 23 "C. T o initiate the reactions, GTP was added at concentrations of 15-2000 pM. Aliquots (100 p1 each) were removed after incubations for 0.0 and 30 min, and reactions were stopped by adding 5 p1 1 M HCl. Then, 50 pl of each aliquot was injected onto a 4.4 x 250 mm ODs-AQ HPLC column (YMC) and separated under isocratic conditions (79 mM potassium phosphate, pH 6.0, 4 mM tetrabutylammonium hydrogen sulfate, 21 ' / o methanol). Amounts of GDP produced were quantified by comparing its peak areas with those of GDP standards. Since GDP is bound to the protein when purified, the total amount of GDP produced after 30 min incubation was calculated by subtracting GDP released at the 0.0 min incubation.
The k, values of Era proteins were also determined. Briefly, Era proteins were mixed with various amounts of [3H]GTP, and the [3H]GTP bound to Era proteins was captured using MANP NOB filter plate (Millipore) and quantified by scintillation counting.
Purification of Era proteins. E. cofi cells of LY41
and LY56 [pLY56 (His-AEra)] were first grown overnight with vigorous shaking at 30 "C in LB medium supplemented with 100 pg Amp ml-'. The overnight cultures (4%) were inoculated into 1.25 1 each of fresh LB medium containing Amp. The cultures were induced with 0.8 mM IPTG at OD,,, 0 . 5 4 6 for 3 h at 30 "C. Cells were harvested by centrifugation at 4000 g for 10 min, and washed with 20 mM Tris/HCl, p H 8.0, and 5 mM MgC1, (buffer A).
For purification of GST-AEra, cells of LY52 were resuspended in 20 mM Tris/HCl, p H 7*5,140 mM NaCl and 5 mM MgC1, (buffer B). The resulting suspension was disrupted by passing twice through a 138 MPa French press cell (Aminco Laboratories) and centrifuged at 180000g for 45 min. The supernatant fraction collected was loaded onto a 10 ml Glutathione Sepharose column. The column was washed with 60 ml buffer B and eluted with 10 mM glutathione in buffer B. All fractions were subjected to SDS-PAGE analysis (Laemmli, 1970) , and those containing GST-AEra were collected and dialysed using dialysis tubing (molecular mass cut-off, 25 kDa; Sigma) in 4 1 buffer A at 4 "C overnight.
For purification of GST-Era, cells of LY41 were disrupted and the resulting suspension was centrifuged as described above. GST-Era was purified as described for GST-AEra.
For purification of His-AEra, cells of LY56 were resuspended in 20 mM Tris/HCl, p H 8.0, 5 mM MgCl, and 0.5 M NaCl (buffer C) (Novagen). The resulting suspension was disrupted and centrifuged as described above. The supernatant fraction collected was loaded onto a 10 ml chelating Sepharose column charged with 50 mM NiCl,. The column was washed with 60 ml buffer C and then 60 mM imidazole in buffer C, and eluted with 0.5 M imidazole in buffer C. Fractions containing His-AEra were collected and dialysed as described above except that a 6000-8000 kDa molecular mass cut-off tubing was used.
For purification of the full-length native Era protein, cells of LY42 were disrupted and the resulting suspension was centrifuged as described above. The supernatant fraction collected was loaded onto a Source Q (30 pm diameter) column (2.6 by 10 cm) that was previously equilibrated with buffer A. The column was washed with 250 ml buffer A and eluted with a linear gradient of 0-1000 mM KC1 in buffer A. The presence of Era in fractions was monitored by SDS-PAGE (Laemmli, 1970) . The fractions containing Era were pooled and dialysed as described above against 4 1 (no change) 20 mM potassium phosphate, p H 7.5. The dialysed enzyme preparation was applied to a Macro-Prep ceramic hydroxyapatite type I (80pm diameter) column (2.6 by 10cm) that was equilibrated with 20 mM potassium phosphate, p H 7.5. The column was washed with 250 ml of the buffer and eluted with a linear gradient of 20-700 mM potassium phosphate, pH 7.5. The fractions containing Era were pooled and dialysed as described above in buffer A and loaded onto a Heparin (BioRad) column (2.6 by 10 cm) that was equilibrated with buffer A. The column was washed with 250 ml buffer A and eluted with a linear gradient of 0-1000 mM KCl in buffer A. The fractions containing Era were pooled and dialysed as described above in buffer A. The Era protein purified was divided into aliquots and stored as described above.
Antibody preparation and quantitative Western blot analysis of Era in S. pneumoniae. Polyclonal antibodies against SDSdenatured full-length Era protein were prepared (Harlan Bioproducts for Science). Purified Era was denatured by SDS and subjected to SDS-PAGE (10 ' / o gel; Bio-Rad) (Laemmli, 1970) . Protein bands were visualized by incubating the gel in a solution containing 0.5 M KC1 and 50 mM potassium phosphate (pH 7.2) and cut out (Zhao & Winkler, 1995) . Each protein band, which contained approximately 100 pg Era, was injected into two New Zealand White rabbits.
T o compare the expression levels of Era in S. pneumoniae and E. coli, E. cofi strains were grown in LB medium as described above and S. pneumoniae was grown as described below. A frozen stock of S. pneumoniae was inoculated into Brain Heart Infusion broth (Difco) at dilutions of lo-, to lo-*. The cultures were grown at 37 "C overnight without shaking and harvested at OD,,, 0.4. The cells were washed with 20 mM potassium phosphate, p H 7.2, resuspended in buffer A and 1 M NaCl, disrupted and centrifuged as described above. Supernatant fractions were collected, denatured by SDS (Laemmli, 1970) , heated at 100 "C for 2 min, and subjected to Western blot analysis, which was carried out essentially as described by Zhao & Winkler (1995) Analyses of the Era C-terminal domain (1/500 dilutions) and secondary antibodies (1/2000) for 2-3 h at room temperature, and washed three times with 1 x PBS. Protein concentrations were determined using a Bradford assay kit (Bio-Rad) with BSA as a standard (Bradford, 1976) .
Determination of association of Era proteins with the membrane. E. coli cells of LY42 and LY54 were first grown in LB medium containing Amp (100 pg ml-') overnight at 35 "C and the overnight cultures (3 "/.) were inoculated into 300 ml LB niediium supplemented with Amp. The cultures were grown far 1 h at 33 "C and then induced with 1 mM IPTG for 2 h. The cultures were collected and washed as described above. The cells were resuspended in 8 ml buffer A and disrupted as described above. The resulting crude extracts were centrifuged a t 12000g for 8 min to remove unbroken cells and potential inclusion bodies. The supernatant fractions collected (4 ml each) were mixed with 1 ml buffer A or 1 ml buffer A containing 5 M NaCl (final, 1 M) and centrifuged at 140000 3 for 30 min. The supernatant fractions, designated cytopl'istnic fractions, were collected, denatured with SDS, and subjected to SDS-PAGE analysis as described above. The resulting pellets, designated membrane fractions, were washed twice with buffer A, resuspended in buffer A, and subjected to SDS-PAGE analysis as described above.
S. pnvzimoizzae was grown and harvested at OD,,,) 0.4 as described above. Cells were resuspended in 12 ml buffer A, and disrupted as described above. The resulting crude extracts (4 ml e'1c.h) were mixed with 1 ml buffer A or 1 ml buffer A containing 5 M NaCl (final, 1 M NaCl), incubated on ice for 40 min, and centrifuged at 18OOOOg for 45 min. Supernatant fractions were collected, denatured by SDS, and subjected to SDS-PAGE analysis as described above. The presence of the Era protein was analysed by Western blotting as described above.
RESULTS
Identification, cloning and expression of the S. pneumaniae era gene
To clone the S. pneumoniae era gene, w e first searched o u r soquence database (Baltz et al., 1998; Rosteck et al., 1997) using the E. coli era sequence as a query in the BLAST program a n d found that the era gene was n o t completely sequenced. Both 5'-a n d 3'-terminal sequences for era were missing. W e then recovered the missing sequences of the gene by inverse P C R and determined its entire sequence. T h e S. pneumoniae era gene, 900 bp long, encodes a protein consisting of 299 amino acids with a predicted molecular mass of 33 810 Da. T h e S. pneumoniae Era protein shares 40,45 and 9.5% identities with those of E. coli, Haemophilus infiurnzae a n d Streptococcus mutans, respectively (Ahnn et al., 1986; Chen et al., 1990; Fleischmann et al., 1995; Yamashita et al., 1993) . T h e S. pneumoniae Era protein contains all conserved motifs for G T P binding a t the N-terminal part of the protein a n d also all conserved motifs of boxes A-D identified by Zuber et al. (1997) , which are located a t the C-terminus of the protein (Zuber et al., 1997) . T h e S . pneumoniae era gene complements a n E. coli mutant strain defective in Era production (see below). W e also constructed a truncated era (Aera) gene by removing 68 codons from its 3'-terminus. As a result, the AEra protein does n o t contain pneurnoniae Era and AEra proteins with the E. coli cytoplasmic membrane. Cells were grown, collected and disrupted as described in Methods. The resulting crude extracts were centrifuged a t 12000 g for 8 min to remove unbroken cells and potential inclusion bodies. The supernatant fractions collected were mixed with buffer A (20 mM Tris/HCI, pH 8.0, 5 mM MgCI,) or buffer A plus 1 M NaCI, and centrifuged (Methods). The supernatant fractions collected, designated cytoplasmic preparations, were denatured and subjected to SDS-PAGE analysis (Methods). The pellet fractions collected, designated membrane preparations, were washed twice with and resuspended in buffer A, and denatured and subjected to SDS-PAGE analysis (Methods). Lanes: 1, prestained molecular mass markers (from top to bottom: myosin, 208 kDa; /?-galactosidase, 116 kDa; BSA, 83 kDa; ovalbumin, 48.7 kDa; carbonic anhydrase, 33.4 kDa; soybean trypsin inhibitor, 28.2 kDa; lysozyme, 20.7 kDa; and aprotinin, 7.6 kDa); 2 and 3 (6 pl each), the cytoplasmic preparation of LY42 (era-PET-1 1 a) which was treated with buffer A and 1 M NaCl in buffer A, respectively; 4 and 5 (6pl each), the membrane preparation of LY42 which was treated with buffer A and 1 M NaCl in buffer A, respectively; 6 and 7 (6 pl each), the cytoplasmic preparation of LY54 ( Aera-PET-1 l a ) which was treated with buffer A and 1 M NaCl in buffer A, respectively; 8 and 9 (6 pI each), the membrane preparation of LY54 which was treated with buffer A and 1 M NaCl in buffer A, respectively. the last t w o conserved motifs of boxes C-D (Zuber et al., 1997) . T h e full-length a n d Aera genes were cloned into E. coli expression vectors a n d expressed in native form, in GST-fusion form o r in His-fusion form (Table 1) .
Purification and characterization of AEra proteins
To understand the role of the C-terminal portion of Era, we purified GST-AEra a n d His-AEra to homogeneity ( Fig. 1 ; a n d data not shown). O u r first attempt to purify AEra from LY54 using the three-step column chromatography procedure (Methods) failed to yield a homogeneous protein preparation ( % SO0/0 pure) due to its relatively low level of expression in E. coli (Fig. 1) .
Therefore, w e characterized the purified GST-AEra and His-AEra proteins for their ability to utilize G T P under the conditions described (Methods). Like the full-length native Era proteins (Ahnn et al., 1986; Chen et al., 1990; Lerner et al., 1992 ; M a r c h et al., 1988; W u et al., 1995) , GST-AEra and His-AEra proteins were able t o bind and hydrolyse G T P . T h e apparent K , value determined for the Tet resistance gene promoter of pACYC184 and pBR322; P,,,, the Cam resistance gene promoter of pACYC184; and P1,,, the lac promoter of pUC18.
t The E. coli HT120 transformants carrying pLY75 and pUC18 were selected on LB plates containing 0-0, 0.2 or 1.5 mM IPTG, incubated, and examined as described in Methods.
GST-AEra was 232pM and the apparent Vmax value obtained for the enzyme was 28 mmol min-l mol-l. Similar results were obtained for His-AEra (data not shown). The k d value for GST-AEra was determined to be 2.1 pM. The kinetic parameters (Km, Vmax and k d ) determined for the full-length Era were 430 pM, 200 mmol min-l mol-I and 4.2 pM, respectively. Therefore, the removal of the C-terminal part of Era resulted in a twofold increase in its affinity for GTP and a sevenfold decrease in its GTP-hydrolysis activity.
Association of Era proteins with the E. co/i and S. pneumoniae cytoplasmic membranes
The Era proteins of E. cofi and S. mutans have been shown to be associated with the cytoplasmic membrane (Gollop 8c March, 1991a; Lin et al., 1994; Wu et af., 1995) . To examine whether the S. pneumoniae Era protein is also associated with the cytoplasmic membrane, we performed Western blot analysis of the crude extracts of S. pneumoniae. We found that there was about twofold more Era protein detected in the crude extract that was treated with 1 M NaCl than in the untreated sample (data not shown). This finding associated with the cytoplasmic membrane (Fig. 1, lane  4) , and that this association can be disrupted by salt treatment (Fig. 1, lane 5) . Consistent with this finding, there was twofold more Era protein detected in the cytoplasmic preparation that was treated with 1 M NaCl than in the untreated sample (Fig. 1, lanes 2 and 3) . Similarly, the full-length GST-Era (pLY41) and His-Era (pLY44) proteins were also found to be associated with the E. coli cytoplasmic membrane when expressed in E. cofi (data not shown).
We also analysed the truncated Era (AEra) proteins for their possible association with the E. coli cytoplasmic membrane. However, we found no evidence that the AEra proteins were associated with the E. coli cytoplasmic membrane when expressed directly (pLY54) or in a GST-fusion (pLYS2) or His-fusion (pLY56) form in E. cofi, and the salt treatment of the crude extracts of LY52, LY54 and LY56 had no effect at all on its possible association with the cytoplasmic membrane (Fig. 1 , lanes 6-9; and data not shown). Thus, the removal of the C-terminal part of Era resulted in the failure of the AEra protein to associate with the cytoplasmic membrane.
suggests that like other Era proteins, the S. pneumoniae Era protein is also associated with the cytoplasmic membrane and this association can be disrupted by salt treatment.
We also showed that the full-length native Era protein of S. pneumoniae, when expressed in E. coli, was clearly
Complementation of an E. co/i mutant strain defective in Era production
To further analyse the function of the C-terminal part of Era in vivo, we tested whether the full-length era and Aera genes complement the E. cofi mutant strain ~. .
Fig. 2. lmmunodetection of cellular amounts of the Era and
AEra proteins produced in S. pneumoniae and E. coli HT120, respectively, with antibodies prepared against the 5. pneurnoniae Era protein. 5. pneumoniae was grown, collected and disrupted as described in Methods. E. coli HTl2O harbouring pUC18 or pLY75 was grown in LB and induced with 1.5 mM IPTG upon inoculation with overnight cultures. Cells were collected and disrupted as described in Methods. The resulting crude extracts were centrifuged, and supernatant fractions were collected and denatured as described in Methods. (a) Lanes: 1-4, 2, 4, 6 and 8 ng purified full-length Era protein, respectively; 5-7, 10, 15 and 20 pg of the supernatant fraction of 5. pneumoniae R6, respectively; 8-10, 10, 15 and 20 pg of the supernatant fraction of E. coli HT120(pLY64) (erapACYC184, opposite to Ptet), respectively. (b) Lanes: 1 and 2, 3.75 and 7.5 pg of the supernatant fraction of E. coli HT12O(pLY75) (Aera-pUC18), respectively; 3 and 4, 60 and 80 ng purified His-AEra protein, respectively.
defective in Era production, HT120 (Takiff et al., 1989 (Takiff et al., , 1992 . HT120 contains a mini-Tnl0 insertion upstream of the rnc gene which forms part of an operon with its downstream gene, era (Takiff et af., 1989 (Takiff et af., , 1992 . The mini-Tn 2 0 carries two divergent Tet-inducible promoters (Takiff et al., 1989 (Takiff et al., , 1992 . In the absence of Tet, HT120 could not grow on LB plates because the mini-Tnl0 insertion is downstream polar to era, which in turn blocks the transcription of the era gene. Thus, growth of HT120 is Tet-dependent. Like era genes from several other organisms (Pillutla et al., 1995; Zuber et af., 1990 Zuber et af., ,1997 , the full-length era gene of S. pneumoniae complemented the E. coli mutant HT120 when cloned into pACYC184 (pLY62 and pLY64) in either orientation with respect to the direction of transcription of the Tet resistance gene because the HT120 transformants were able to grow on LB plates without supplementation of Tet (Table 2) . When HT120 was transformed with pLY62 (e.g. era was cloned into pACYC184 in the same orientation as the transcription of the plasmid Tet resistance gene), the resulting transformants grew equally well on LB plates supplemented with or without Tet ( Table 2 ), showing that pLY62 was able to fully complement HT120. Interestingly, when HT120 was transformed with pLY64 ( e g era was cloned into pACYC184 in the opposite orientation with respect to the transcription of the Tet resistance gene, but in the same orientation as the transcription of the distant Cam resistance gene), the resulting transformants grew very slowly on LB plates without the supplementation of Tet ( Table 2 ). The colony size of these transformants [HT120(pLY64)] was only 1/4-1/3 of those growing on LB plates supplemented with Tet after 24 h incubation at 30 "C (Table 2 ). This observation suggests that the amount of Era protein expressed from pLY64 is limiting to the cell growth. Therefore, the amount of Era produced under these conditions was probably close to the minimal level of Era that is required for complementation of the E. cofi mutant HT120. Our Western blot analysis showed that the minimal level of Era required for growth is 2.6 ng per 10 pg or 0.26 ng per pg total cellular protein (Fig. 2a,  lane 8 ).
When the era gene was cloned into pGEX-2T (pLY41), the resulting GST-era fusion gene also complemented the E. coli HT120 mutant (Table 2) , even in the absence of IPTG, suggesting that the GST-Era fusion protein was expressed and functional in the cell.
Unlike the full-length era gene, the Aera gene of S. pneumoniae was unable to complement the E. coli mutant HT120 when carried on pACYC184, pBR322 or pUC18 ( Table 2 ). The failure of the Aera gene to complement the E. coli mutant suggested two possibilities. First, the C-terminal part of the Era protein is essential for function. Second, the Aera gene was not expressed or expressed at a very low level. To test these possibilities, we carried out Western blot analysis of the E. coli mutant HT120 carrying the Aera gene on the plasmids. The expression levels of the Aera gene were barely detectable in HT120 harbouring pLY58 and pLY60 (Aera-pACYC184) and pLY76 (Aera-pBR322) (data not shown). Thus, the Aera gene was poorly expressed when carried on these plasmids. However, when HT120 was transformed with pLY75 (AerapUC18) and induced with 1.5 mM IPTG, the amount of AEra produced in HT120 was 48 ng per 3.75 pg or 12.8 ng per pg total cellular protein (Fig. 2b, lane 1) . This is 20-fold higher than that of Era in S. pneumonia since the amount of Era present in S. pneumoniae was estimated to be 6.3 ng per 10 pg or 0.63 ng per pg total cellular protein (Fig. 2a, lane 5) . Thus, the failure of the Aera gene to complement the E. coli mutant deficient in Era production was not due to its poor expression; rather it suggests that the C-terminal domain of the Era protein is probably essential for function.
DISCUSSION
In this study, we found that removal of the C-terminal portion of the S. pneumoniae Era protein resulted in a twofold increase in its GTP-binding activity, a sevenfold decrease in its GTP-hydrolysis activity, and the loss of its ability to associate with the E. cofi cytoplasmic membrane. In addition, the removal of the 3'-terminal part of the era gene also led to the inability of the Aera gene to complement the E. coli mutant strain defective in Era production, The failure of the Aera gene to complement the E. coli mutant HT120 was not due to its poor expression or insoluble protein formation. When the E. coli mutant HT120 was transformed with pLY75
(Aera-pUC18) and induced with 0.2 and 1.5 mM IPTG, the amounts of the Era protein produced were estimated to be 6.8 (data not shown) and 12-5 ng per pg total protein, respectively, which are at least 10-and 20-fold higher than that of the Era protein present in S. pneumoniae. Since the molecular mass of the AEra protein is 26 kDa, which is 24% smaller than that of the full-length Era protein, the molar concentrations of AEra produced in E. coli HT120 should be 13-and 26-fold higher than that of Era in S. pneumoniae. The amounts of the Era protein detected in HT120(pLY75) represent all soluble protein retained in the crude extract after centrifugation at 180000g for 45 min. We also established that the minimal amount of the S. pneumoniae Era needed for complementation of the E. coli mutant HT120 was 0.26 ng per pg total cellular protein, which is twofold lower than that of Era present in S. pneumoniae. The minimal amount of Era determined was probably an overestimate since the antibodies prepared against the S. pneumoniae Era protein appear able to recognize the E. coli Era protein (Fig. 2b,  lanes 1 and 2) . Therefore, the amounts of AEra produced in HT120(pLY75) are at least 26-and 52-fold higher than the minimal amount of Era needed for complementation. Since the AEra protein exhibits a sevenfold reduction in its GTP-hydrolysis activity but a twofold increase in its GTP-binding activity, the amount of the AEra protein produced in HT120(pLY75) should make up the total activity that is needed for complementation. Clearly, these results suggest that the removal of the Cterminus of the Era protein renders the Era protein unable to function in uiuo. Therefore, the C-terminal domain of the Era protein is essential for the function of the protein.
Several studies have suggested that the C-terminal domain of Era proteins might be important for function. However, in many cases a complete study was not presented. Point mutations in the C-terminal domain of the E. coli Era protein were isolated and these mutant era genes failed to complement an E. coli era mutant (Pillutla et al., 1995) , but biochemical characterization of these mutant Era proteins was not given (Pillutla et al., 1995) . A temperature-sensitive mutation in the GTPase domain of a truncated E. coli Era protein has been reported and the biochemical characterization of this mutant Era protein was also described (Inada et al., 1989) . This era mutant, however, requires the Cterminal deletion of the Era protein for its temperature sensitivity (Inada et al., 1989) . Cold-sensitive point mutations in the C-terminal domain of the E. coli Era protein have also been reported, but biochemical characterization of these mutant proteins was not presented . Thus, our study represents the first complete biochemical and genetic analyses of the Cterminal domain of an Era protein.
The era gene was first discovered in E. coli by the similarity of its derived amino acid sequence to the RAS proteins of Saccharomyces cereuisiae (Ahnn et al., 1986) .
Later, further detailed sequence analysis of the RAS proteins and the E. coli Era protein did not appear to support the contention that the E. coli Era protein is a RAS-like protein (Chen et al., 1990) . Recently, a human homologue of Era was reported which exhibits 30 Yo identity to the E. coli Era protein (Britton et al., 1998) .
The human homologue is distinct from RAS proteins (Britton et al., 1998) . Nevertheless, some of the nucleotide-binding motifs of the yeast RAS, human Ras, human Era and bacterial Era proteins seem to be conserved during evolution (Ahnn et al., 1986; Bourne et al., 1991; Britton et al., 1998; Chen et al., 1990; March, 1992; Pillutla et al., 1995; Zuber et al., 1990 Zuber et al., , 1997 , but the C-terminal part of the Era proteins (from residues 201 to the end) appears to represent a domain that is unique to and conserved among the bacterial Era proteins (Pillutla et al., 1995; Zuber et al., 1990 Zuber et al., , 1997 .
Unlike RAS proteins that are attached to the cytoplasmic membrane through acylation of palmitic acid (Barbacid, 1987) , the bacterial Era proteins are found to be associated with the cytoplasmic membrane (Gollop & March, 1991a; Lin et al., 1994; Wu et al., 1995) . The significance of this membrane association has not yet been assessed. Our studies show that the AEra protein of S. pneumoniae can no longer bind to the cytoplasmic membrane and also the Aera gene is unable to complement the E , coli mutant deficient in Era. These observations suggest that the C-terminal domain of the Era protein might be responsible for its attachment to the membrane, and this attachment (or association) of the Era protein to the membrane appears to be essential for the biological function of the protein. Thus, this study supports the hypothesis that Era is involved in a GTPase-receptor-coupled membrane-signalling pathway (Lin et al., 1994) .
The minimal amount of S. 
